2 0
Only trajectories of S. frugiperda that entered Japan and Korea were selected to 1 4 5 make the distribution of an immigration probability, or invasion risk. The spatial frequency 1 4 6 distribution of final endpoints of trajectories was calculated and displayed by using QGIS 1 4 7 (Version 3.6, https://www.qgis.org/) and R (Version 3.5, https://www.r-project.org/), and 1 4 8 this was achieved by the following procedures. Firstly, the Korean Peninsula and Japan 1 4 9 8 were divided into several hexagonal cells, and the number of endpoints located in each 1 5 0 hexagonal cell were counted in QGIS. Secondly, hexagonal cells in Japan (or in the 1 5 1 Korean Peninsula) were divided equally into four groups based on the number of 1 5 2 endpoints, (i) ≤ 25 th percentile, (ii) > 25 th percentile but ≤ median value, (iii) > medial value 1 5 3 but ≤ 75 th percentile, and (iv) ≥ 75 th percentile. Finally, these results and the spatial 1 5 4 distribution of trajectories' origins were displayed by using R. 1 5 5 2.5 Wind pattern during migration season 1 5 6
To investigate wind pattern (wind speed and direction) in the last five years 1 5 7
(2014-2018), we plotted average meteorological conditions at 850 hPa (approximately 1 5 8 1500 m above sea level). Long-term data were extracted and calculated from the daily 1 5 9 NCEP/National Centre for Atmospheric Research (NCAR) Reanalysis data, with a spatial 1 6 0 resolution of 2.5° by 2.5° global grids, and displayed using the Grid Analysis Display 1 6 1 System (GrADS, Version 2.0.1, http://cola.gmu.edu/grads/). To estimate the invasion risk of S. frugiperda into Korean Peninsula and Japan islands, 1 6 5 138780 forward trajectories were calculated. In total, 18082 (13.03%) trajectories reached 1 6 6 one of these two regions (Fig. 2 ). 1 6 7
3.1 Immigration pattern on the Korean Peninsula 1 6 8
In May, 25110 trajectories (31 nights x 27 departure points x 6 initial heights x 5 years) 1 6 9
were calculated and departed from Guangdong and Fujian. Among these, 698 (2.78%) 1 7 0 trajectories arrived Korean Peninsula. Among these effective trajectories, their endpoints 1 7 1 9 were located in the western and southern coastal areas of South Korea (Fig. 3 ). The 1 7 2 straight distance between the departure and end points of each trajectory was 1 7 3 1631.76±10.88 km (mean value ± standard error, same after that). The flight duration to 1 7 4 cover this distance was 30.81±0.34 h (Fig. 4 ). 1 7 5
In the second period from June 1 to July 15, 63450 trajectories (45 nights x 47 1 7 6
departure points x 6 initial heights x 5 years) were calculated from Jiangxi, Zhejiang, and 1 7 7
southern Anhui (south of 32°N), south Jiangsu (south of 32°N). Among these, 7355 1 7 8 (11.59%) arrived in the Korean Peninsula. Most of these effective trajectories originated 1 7 9 from southern Jiangsu, southeastern Anhui, and northern Zhejiang (darker blue dots in Fig.  1  8  0 3). Their endpoints mostly located in the western coastal area of the peninsula (Fig. 3) .
The straight distance of these simulated trajectories was 1214.49±3.31 km, and the flight 1 8 2 duration was 33.28±0.12 h ( Fig. 4) . 1 8 3
In the third period on 16 July to 15 August, 8.84% (4437/50220) trajectories originated 1 8 4 from 54 departure points in Anhui, Jiangsu, Henan, and Shandong, reached the Korean 1 8 5 Peninsula (Fig. 3 ). The endpoints of these effective trajectories distribute in the western 1 8 6 part of North Korea and the northwestern part of South Korea. The main departure points 1 8 7 distributed in eastern Shandong, Anhui, and Jiangsu (Fig. 3) . The straight distance of 1 8 8 these simulated trajectories was 922.80±3.68 km, and the flight duration was 30.50±0.15 h 1 8 9 ( Fig. 4) . 1 9 0
In summary, the results predicted that S. frugiperda would invade into the Korean 1 9 1 Peninsula, especially in the western coastal area. S. frugiperda in Anhui, Jiangsu and 1 9 2
Shandong provinces would make main contributions to this invasion in the second (1 1 9 3 1 0
June-15 July) and third periods (16 July-15 August) ( Fig. 3 & 4 ). 1 9 4
3.2 Immigration pattern on Japan 1 9 5
The percentages of trajectories from eastern China into Japan were 4.06% 1 9 6 (1020/25110), 6.41% (4065/63450) and 1.01% (507/50220) on 1-31 May, 1 June-15 July, 1 9 7 and 16 July-15 August, respectively ( Fig. 2 & 3) . This result indicated it is quite possible 1 9 8 that S. frugiperda would invade into Japan from 1 June through 15 July, and there was 1 9 9 lower attainable in the other two periods. Kyushu, Shikoku, and southwestern Honshu and 2 0 0
Shikoku would face a high risk of the invasion because most these trajectories ended over 2 0 1 this region from 1 June to 15 July (Fig. 3 ). S. frugiperda invader into Japan would mostly 2 0 2 come from Fujian and Zhejiang province ( Fig. 2 & 3) . Moreover, the Ryukyu Islands would 2 0 3 be reached by S. frugiperda originated from Guangdong and Fujian provinces in May ( south of the Yellow River (Fig. 5c ), and thus this was not suitable for S. frugiperda 2 3 8 migrating into Japan. Eastward winds mostly appeared in northern China, Bohai Sea, and 2 3 9
northern Yellow Sea (Fig. 5c ), and this would help for S. frugiperda's oversea migration 2 4 0 into the Korean Peninsula. The wind speed was low (Fig. 5c ), but the distance from 2 4 1 Shandong and Jiangsu to the Korean Peninsula is relatively short (Fig. 4) . It is the season 2 4 2 that 8.84% of simulated trajectories reached the peninsula. This study predicted the immigration risk of S. frugiperda into Japan and Korea by the 2 4 6 trajectory analysis considering the flight behaviour of S. frugiperda based on the five-year 2 4 7 meteorological data. The results showed that S. frugiperda would migrate from eastern 2 4 8
China into Japan and Korea Peninsula shortly (Fig. 3) .
4 9
Possibility that such overseas migrations will actually occur, or validity of the predicted 2 5 0 risk in this study, depends mainly on the accuracy of assumptions made on the source 2 5 1 location and the flight behaviour in Section 2. The rapid spreading of the moth in China 2 5 2 started from southwestern Yunnan Province where the moths were firstly found in late 2 5 3
January this year, and only within 3 months since then, which corresponds to the insect's 3 2 5 4 generations, S. frugiperda was found in 13 provinces (NATESC, 2019a, b, c), including 2 5 5
Guangdong, Fujian, Jiangxi and Zhejiang Provinces that were assumed as a source in this 2 5 6 study. Because the moth's spreading speed is very large, it is fair to predict that other 2 5 7 assumed source provinces in Section 2.3 would be invaded by the rainy season and later 2 5 8 summer. parameters each other, this study's assumptions on the source and the flight behaviour 2 6 8 seem reasonable. The invasion risk of this study, therefore, should be a fair prediction. 2 6 9
First possible arrivals in Japan could happen on southwestern small islands of 2 7 0
Okinawa and Kagoshima Prefectures as well as western parts of Kyushu in May (Fig. 3b ).
7 1
Most likely, S. frugiperda would migrate from Fujian and Zhejiang into Kyushu, Shikoku 2 7 2 and southern Honshu from 1 June -15 July, the rainy season (Fig. 3d ). During the 2 7 3 summer period from mid-July, the invasion risk in northern Japan could relatively increase 2 7 4 ( Fig. 3f) . As a whole, a wide area of Japan has an immigration risk. 2 7 5
First possible arrivals from Guangdong and Fujian could also occur in May in the 2 7 6 western coastal areas of the Korean Peninsula (Fig. 3a) . In the later periods of 1 June -15 2 7 7
July and 16 July -15 August, western Korean Peninsula would be continuously reached 2 7 8 by S. frugiperda migrants from northern Zhejiang, Anhui, Jiangsu, and Shandong (Fig. 3c,  2  7  9 e). According to the shift of the location of these possible sources from south to north, 2 8 0 relatively higher risk also shifted from southern, middle to northern coastal areas of the 2 8 1 1 4 peninsula (Fig. 3a, c, e ). 2 8 2
These possible migrations could result in substantial damages and economic losses 2 8 3 to agricultural production in Japan and Korea unless S. frugiperda population was 2 8 4 effectively managed. Sugar cane, Saccharum officinarum is grown as a major agricultural 2 8 5 product on the southwestern small islands. In Kyushu and mountainous areas in Honshu, 2 8 6 livestock industry is active and maize, Zea mays L., for feed would a possible host plant for 2 8 7 the immigrants. Maize is a major crop in Hokkaido, northern Japan, too. In northern part of 2 8 8 the Korean Peninsula, maize is widely cultivated as one of important crops which would be 2 8 9
severely damaged by summer migrants as predicted in Northeast China (Li et al., 2019) . 2 9 0
Sorghum (Sorghum bicolor) and hog millet (Panicum miliaceum) in northern Korea would 2 9 1 be also attacked. If summer immigration would occur, plant protection officers in these 2 9 2 areas should bear that possibility in mind. There are two types of biological strain of S. 2 9 3 frugiperda, corn-strain and rice-strain (Pashley, Quisenberry & Jamjanya 1987) . If the 2 9 4 rice-strain to attack rice arrived in Japan and Korea, the almost all areas would be 2 9 5 vulnerable to immigrants, because rice is cultivated everywhere in the nations. So far, 2 9 6
Chinese population caught in Yunnan Province has been reported to be the corn-strain 2 9 7 (Zhang et al., 2019). 2 9 8
Many species of insects can migrate into Japan and the Korea Peninsula by crossing 2 9 9 over the sea, such as S. litura, M. separata, and rice planthoppers (Otuka et al., 2006; 3 0 0 Otuka, 2013; Kisimoto & Sogawa, 1995; Hirai, 1995; Lee & Uhm, 1995; Tojo et al., 2013) . 3 0 1 N. luges and S. furcifera generally immigrate into Japan during the Bai-u rainy season 3 0 2 from late June to early July (Kisimoto & Sogawa, 1995; Otuka et al., 2006) . Kyushu and 3 0 3 1 5
southern Honshu have the highest density of these two rice planthoppers (Kisimoto, 1976) . 3 0 4
The origin areas of these migrants was estimated by trajectory method to be southeastern 3 0 5
China, such as Fujian, Zhejiang and Taiwan provinces (Otuka et al., 2006) . In South Korea, 3 0 6 N. luges also was reported to arrive in this same period of each year (Lee & Uhm, 1995; 3 0 7 Zhu et al., 2000) . In addition, S. litura is the same genus as S. frugiperda, and many male 3 0 8 moths were caught by pheromone traps in Japan from June to middle July, and these 3 0 9 moths were also thought to migrate from southern China (Tojo et al., 2013) . Here, our 3 1 0 study also suggested S. frugiperda would most likely carry out overseas migration into 3 1 1 Japan and South Korea via similar pathway at similar time period (Fig. 2) . The season of 3 1 2 all those insect species migrating into Japan and South Korea at same time is that warm 3 1 3 and humid southwesterly winds was quite frequent during the Bai-u season. This kind of 3 1 4 wind always associated with the passage of depressions along the frontal zone, and the 3 1 5 speed can up to 10 m/s or more (Kisimoto, 1976; Watanabe, Seino, Kitamura, Hirai, 1990 ; 3 1 6 also see Fig. 4 ). 3 1 7
Conversely, the migration pathway and timing of L. striatellus and M. separata are 3 1 8 different with those aforementioned species. A single-flight migration route of M. separata 3 1 9
invaded into Korea and northern Japan mainly in late May -early June is suggested in 3 2 0 previous studies (Haria, 1995; Lee & Uhm, 1995 
